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We report the Coulomb mediated hybridization of excitonic states in an optically active, artificial
quantum dot molecule. By probing the optical response of the artificial molecule as a function of the
static electric field applied along the molecular axis, we observe unexpected avoided level crossings
that do not arise from the dominant single particle tunnel coupling. We identify a new few-particle
coupling mechanism stemming from Coulomb interactions between different neutral exciton states.
Such Coulomb resonances hybridize the exciton wave function over four different electron and hole
single-particle orbitals. Comparisons of experimental observations with microscopic 8-band k · p
calculations taking into account a realistic quantum dot geometry show good agreement and reveal
that the Coulomb resonances arise from broken symmetry in the artificial molecule.
Understanding and controlling the fundamental inter-
actions that couple discrete quantum states lies at the
very heart of applied quantum science. For example, cou-
plings between distinct physical subsystems mediated by
the Coulomb interaction can be used to entangle qubits
electrostatically [1], to build single-photon transistors on
the basis of Förster resonances [2] or to control reso-
nant energy transfer [3]. Strong tunnel couplings be-
tween proximal quantum dots have been shown to fa-
cilitate electrical and optical spin-qubit operations [4, 5]
while long range magnetic dipolar interactions have been
exploited for prototype quantum registers [6]. Thus the
nature of quantum couplings has been under extensive
investigation for many prototypical quantum systems.
Examples include naturally occurring atoms [3, 7, 8]
and defect centers [9, 10] as well as artificial atoms and
molecules [11–13]. Due to advanced nanostructure fabri-
cation techniques [14, 15] and efficient coupling to light
[16, 17], artificial molecules consisting of pairs of semi-
conductor quantum dots (QDs) have emerged as ideal
prototypical solid-state systems to investigate and elec-
trically control interactions between proximal quantum
systems [11, 12].
By embedding a QD-molecule into the intrinsic region
of a diode structure, exciton states in the different QDs
can be tuned into and out of resonance by controlling
the electric field along the growth direction [11, 12]. The
fundamental signatures of quantum couplings are avoided
level crossings in the electronic energy level structure of
a QD-molecule as single particle states are tuned in and
out of resonance [18]. The importance of Coulomb inter-
actions has been pointed out for the form and position
of resonances in QD-molecule systems [19–21]. However,
single particle tunneling that either hybridizes single elec-
trons or holes remains the dominant coupling mechanism
in these cases [11–13, 22–25]. Most recently another reso-
nant coupling mechanism with an inherently two particle
nature has been predicted theoretically that entirely re-
lies on the Coulomb mediated interaction between two
different exciton states [26]. In strong contrast to single-
particle quantum couplings, such few-particle couplings
have not yet been observed in artificial QD-molecules.
In this letter, we apply complementary optical tech-
niques to probe the excitonic energy level structure of
an individual QD-molecule as a function of an externally
applied electric field. We resolve a series of avoided en-
ergy level crossings that involve four different single par-
ticle orbital states, which cannot be explained by single-
particle resonant tunneling. This novel few-particle cou-
pling mechanism is shown to result from the Coulomb
interaction alone, leading to a hybridization of both the
electron and the heavy hole component of the neutral
exciton [26]. Simulations of the energy structure using
an 8-band k · p model and a realistic QD-molecule geom-
etry that breaks the cylindrical symmetry are in good
agreement with the measurements. They finally reveal
the crucial role of broken symmetries for the emergence
of the investigated few-particle couplings.
The schematic band-structure of the QD-molecule is il-
lustrated in Figure 7a. It consists of a vertically stacked
pair of self-assembled InGaAs QDs that are separated
by a 10 nm thick GaAs spacer. The QDs are em-
bedded within the intrinsic region of a GaAs Schottky
photodiode[11] to facilitate the application of internal
electric fields F along the growth direction by tuning
the gate potential V . Since electrons and holes can oc-
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FIG. 1. (a) Schematic band structure diagram of a QD-
molecule embedded in a Schottky diode. The quantum states
of the lateral confinement potential are labeled s, p and d
respectively. (b) Electric field dependent PL (grey) and PC
(red) spectra. The electronic energy level structure reveals a
series of electrically tunable avoided level crossings indicating
coupling of indirect exciton states to the direct exciton [0,s0,s]X
in the upper QD (marked by the blue arrow in the PL and
red boxes in PC).
cupy a number of single-particle states in either the upper
or lower dot of the molecule, we introduce the notation
[el,euhl,hu ]X to describe the exciton states in the system in
Fig. 7a. Hereby, el, eu, hl and hu denote the dominant
orbital character of the single particle state involved as
given by the in-plane symmetry (s,p,d) with the indices u
and l representing the upper and lower dot respectively.
For example [0,s0,s]X corresponds to a direct neutral exci-
ton where an electron-hole pair is present in the upper
dot of the QD-molecule with both single particles occu-
pying the energetically lowest s-orbital. Similarly, [s,00,s]X
would correspond to a spatially indirect neutral exciton
[11, 22].
In the grey scale part of Fig.7b we present the photo-
luminescence (PL) intensity obtained from a single QD-
molecule as a function of the applied electric field F at
T = 4.2 K (greyscale). A pronounced avoided level cross-
ing is observed for an electric field of F = 21.8 kV/cm
with a splitting of 2Vt. The underlying coupling of
strength Vt is well-known to arise from resonant tun-
neling of the direct exciton state [0,s0,s]X to the indirect
exciton state [s,00,s]X [11, 23]. For indirect excitons the
electron e and hole h are separated in the upper and
lower QD. Thereby, the indirect exciton transition [s,00,s]X
can be tuned into resonance with [0,s0,s]X by applying an
electric field due to its larger intrinsic dipole. This oc-
curs for an electric field of F = 21.8 kV/cm in the exper-
iment presented in Fig. 7b. When in resonance, the two
states couple by single-particle tunneling of the electron
between s-orbitals [0,s0,s]X ⇔ [s,00,s]X leading to the avoided
level crossing observed in Fig.7b [11, 22, 23].
By further increasing F , the PL intensity is quenched
due to tunneling of the charge carriers out of the
molecule, enabling photocurrent (PC) measurements
[27]. Such measurements are presented in Fig.7b (red
scale), obtained by scanning a laser over the spectral
window between 1302 meV and 1306 meV. They reveal a
series of unexpected avoided level crossings for the [0,s0,s]X
exciton state with splittings of 2V = 0.15−0.6 meV. The
most prominent ones are marked on Fig.7b. Since the
resonance observed at F = 21.8 kV/cm results from cou-
pling of the direct exciton [0,s0,s]X to the indirect exciton
[s,00,s]X with the lowest orbital energy, we expect the cou-
plings of [0,s0,s]X observed at higher electric field to result
from coupling to energetically excited indirect excitons.
In order to identify the orbital character of the exci-
tons involved in the avoided level crossings, we map out
the energy level structure of the first few excited states of
the direct exciton [0,s0,s]X by combining PL and PC mea-
surements with field dependent photoluminescence exci-
tation (PLE) spectroscopy [23]. This extends the energy
level structure in Fig. 7b to higher energies and lower
electric field. The results are presented in Fig.5. At
F ∼ 21.8 kV/cm we observe a pair of avoided level cross-
ings with a coupling strength of ∼ Vt (box 4) in the ex-
cited states (black triangles). The occurrence of avoided
level crossings for the excited states [0,s0,p]X at a similar
electric field and with comparable coupling strength to
s-s tunnel coupling ([s,00,s]X ⇔ [0,s0,s]X) is well-known: as
shown in Ref. [23], the avoided energy level crossings ob-
served in the PL and the PLE around F ∼ 21.8 kV/cm
(and highlighted by the blue rectangles 3 and 4 on Fig.5)
arise from the same single-particle s-s orbital resonant
tunneling of the electron. However, they differ in that
the hole resides in the p-orbital of the upper dot (4) in-
stead of the s-orbital (3). In both cases, the electron wave
function is hybridized over the upper and lower QD by
resonant tunnel coupling (blue inset on Fig. 5).
In order to quantitatively analyze the coupling
strengths, we use a phenomenological model to fit the
field-dependent exciton energies using the quantum con-
fined Stark effect (QCSE) [28] (for details see supple-
mentary). The observed couplings between the different
states with strengths Vn are introduced as off-diagonal
elements in the Hamiltonian and are fitted to the data.
The resulting eigenstates are plotted as dashed red lines
in Fig.5 producing very good overall agreement with the
experimental PL and PLE results.
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FIG. 2. Electronic energy level structure of a single QD-molecule mapped out by combining field-dependent PL, PC and PLE
(black triangles) spectra. Fits to the levels based on the QCSE are presented as red lines. Avoided level crossing resulting from
Coulomb resonances (resonant tunneling) are highlighted by red (blue) rectangles and illustrated in red (blue) inset.
Having identified the excited indirect excitons [s,00,p1 ]X
and [s,00,p2 ]X from the resonant tunnel coupling [
0,s
0,p]X ⇔
[s,00,p]X (box 4 in Fig.5), we trace them to lower energies
where they would become resonant with the direct ex-
citon [0,s0,s]X at F1 = 26.0 kV/cm and F2 = 26.5 kV/cm,
respectively. Strikingly, as highlighted by the red box 1
on Fig.5, we observe an avoided level crossing of coupling
strength 2VC(p1) = 0.6 meV for the [
0,s
0,s]X ⇔ [s,00,p1 ]X res-
onance. We emphasize here, that in contrast to the case
[0,s0,s]X ⇔ [s,00,s]X at F ∼ 21.8 kV/cm, the avoided level
crossings [0,s0,s]X ⇔ [s,00,p]X highlighted in red cannot arise
from a single-particle coupling such as resonant tunneling
since four different single particle orbitals are involved
(see Fig.5 red inset).
To confirm the universality of resonant couplings be-
tween direct and indirect excitons involving four differ-
ent orbitals, we trace the direct excited states [0,s0,p1 ]X
and [0,s0,p2 ]X in PLE spectroscopy to lower electric fields.
At the point where they become resonant with [s,00,s]X
at F = 16.4 kV/cm (see box 2 in Fig.5) a weak avoided
level crossings is observed. Finally, to further support our
findings, we performed the same measurements on a sec-
ond QD-molecule resolving the same structure of avoided
level crossings between excitonic states that cannot be
coupled by resonant tunneling (data in the supplemen-
tary).
However, in contrast to single particle resonant tun-
neling, Coulomb mediated few-particle interactions are
able to couple excitonic states constructed from four
different single particle orbitals (red inset on Fig. 5).
At these resonances both the electron and hole compo-
nent of the exciton are hybridized over two single parti-
cle orbitals. Such resonances correspond to off-diagonal
Coulomb terms that couple direct and indirect exciton
states and depend only on the mesoscopic carrier distri-
bution described in terms of the envelope function [26].
While this kind of coupling is universal, it is governed
by symmetry-related selection rules. Since the Coulomb
interaction conserves angular momentum, exciton states
with different axial projections of the angular momentum
M have zero coupling strength assuming perfect symme-
try and neglecting higher order spin-orbit interactions
(the Dresselhaus terms). However, breaking the symme-
try by introducing ellipticity of the QDs or a lateral dis-
placement of the two QDs relative to each other rapidly
increases the coupling strengths VC among states with
different angular momenta ∆M = ±2 and ∆M = ±1, re-
spectively [26]. Notably, while the coupling strengths of
the resonant tunneling couplings Vt are similar for both
molecules, the coupling strengths of the Coulomb res-
onances VC vary significantly more indicating a strong
dependence on the individual morphology of each QD-
molecule (details in the supplementary).
To investigate the emergence of Coulomb resonances,
we performed detailed modeling using 8-band k · p the-
ory and a configuration interaction approach. The cal-
culations confirmed that good quantitative agreement
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FIG. 3. (a) TEM-image of a QD-molecule. (b) Geometry
used to model the QD-molecule resulting in the electronic
structure presented in Fig.4.
between the numerical and experimental results can be
obtained only if the QD-molecule system is modeled in
accordance with the known facts about its composition
and morphology. To this end, we use a QD-molecule
geometry where the height and the lateral size are con-
sistent with TEM [29] images of nominally identical QD-
molecules as presented in Fig. 3a. For comparison, the
modeled geometry is presented in Fig. 3b. Notably, the
shape of the upper QD is perturbed by the presence of
the strain field of the lower QD through the GaAs barrier
[29]. In the modeled geometry, we include this perturba-
tion induced by the lower QD by tilting up the upper
QD (in the dot center) from the bottom of the wetting
layer. Finally, we break the axial symmetry of the sys-
tem by inducing a relative displacement of the QD cen-
ters in (11¯0) direction [30]. The typically non-uniform
InxGa1−xAs composition in the QDs is accounted for by
using a trumpet shape [31, 32] of the In-content with a
maximum of x = 0.43 in the QDs and a homogenous com-
position of In0.25Ga0.75As in both wetting layers (further
details in the supplementary).
To include the effects of the strain on the band struc-
ture [33] originating from the InxGa1−xAs/GaAs lattice
mismatch, we calculate the strain tensor elements for the
QD-molecule within the continuous elasticity approach
by minimizing the elastic energy [34]. Due to the zinc-
blende structure of the InxGa1−xAs crystal, the shear
strain induces a piezoelectric field that we take into ac-
count up to second order in polarization [35, 36] using the
parameters from Ref. 37. The electron and hole orbital
states of the QD-molecule are calculated using 8-band
k · p theory as described in detail in Ref. 38. Finally, we
calculate the exciton states using the configuration inter-
action approach (see supplementary material for details).
The results of our calculations are presented in Fig.
4 which shows the energy level structure of the ener-
getically lowest neutral exciton transitions. In quanti-
tative agreement with the experimentally observed cou-
pling (2Vt = 3.3 meV in Fig. 5), we obtain avoided
level crossings with 2Vt(s) = 3.05 meV and 2Vt(p1/p2) =
3.08 meV (3.0 meV) for resonant s-s orbital tunneling
highlighted by the blue boxes in Fig. 4 where the hole
resides in the s-orbital [0,s0,s]X ⇔ [s,00,s]X (box 3) and p1(2)-
orbital [0,s0,p]X ⇔ [s,00,p]X (box 4) respectively.
In our modeling, the angular momentum conservation
of the Coulomb resonances is lifted by the lateral dis-
placement of the QDs. The axial symmetry breaking
leads to a significant s-p mixing of the electron states
[38] and thus to an avoided level crossing at the s-p or-
bital electron tunneling resonance [p,00,s ]X ⇔ [0,s0,s]X. We
observe this tunneling resonance in the calculated elec-
tronic spectrum (box 5 in Fig.4) with a somewhat smaller
coupling strength than in the experiment (Fig.5). The
resonance with the other p-state remains very weak as
the electron wave function is oriented perpendicular to
the displacement [38]. Most importantly, the numer-
ical simulation reproduces the avoided level crossings
due to few-particle couplings that are mediated by the
Coulomb interaction: the resonances between the exciton
states [s,00,p1(2) ]X ⇔ [
0,s
0,s]X and the exciton states [
s,0
0,s]X ⇔
[0,s0,p1(2) ]X are calculated with a coupling strength of up
to ∼ 0.23 meV and are presented in the insets of Fig.4.
The coupling strengths VC of the Coulomb resonances in
the numerical calculation are reduced compared to the
maximal coupling strengths of 2VC(p1) = 0.6 meV that
we experimentally observe in Fig.5. This suggests that
another symmetry breaking effect [39] and spin-orbit cou-
pling [26] further influence the coupling strength VC of
the Coulomb resonances.
Finally, in the numerically calculated and experi-
mentally recorded energy level structure we resolve a
Coulomb resonance where the hole resides in one of the d-
orbitals [s,00,d]X ⇔ [0,s0,s]X (box 6 in Fig.4 and Fig.5). The
assignment of the avoided level crossing to a Coulomb
resonance is supported by additional PLE spectroscopy
(data in the supplementary). Overall, the comparison of
the experimental and theoretical results confirms the pro-
posed assignment of the avoided level crossings to stem
from Coulomb mediated few-particle interactions and re-
veals the essential role of morphological features under-
lying the observed resonances.
In conclusion, we presented the direct observation of
an electrically tunable few-particle coupling mediated by
the Coulomb interaction in QD-molecules by spectrally
resolving a series of avoided level crossings in the elec-
tronic energy level structure of neutral exciton states.
We demonstrated that the avoided level crossings stem
from a novel coupling mechanism: Coulomb resonances
that involve four different single-particle orbitals and hy-
bridize both the electron and hole component of the ex-
citon. Numerical calculations using 8-band k · p theory
with a realistic QD geometry are in good agreement with
the experimental results. Ultimately, the results demon-
strate how symmetry breaking in QD-molecules leads to
the formation of electrically controllable few-particle cou-
plings.
While the experimentally convenient electrical control
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FIG. 4. Numerically calculated energy level structure using 8-band k · p theory and the QD-molecule geometry presented in
Fig.4. Avoided level crossings resulting from few-particle Coulomb coupling (resonant tunneling) are highlighted in red (blue).
The color coding and numbering of the avoided level crossings correspond to the coding in Fig.5.
of the few-particle interactions makes them an interest-
ing candidate for the realization of few-particle qubits,
we suggest to use the Coulomb resonances as a sensor for
the complex single-particle spectrum of the heavy holes
in QDs [40]. As the Coulomb resonances map different
hole states to spectral resonances of the optically active
neutral exciton, for example tracking of the Coulomb res-
onances in magneto-optical measurements seems suitable
to map out the Fock-Darwin spectra of heavy hole states
in artificial atoms.
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7SUPPLEMENTARY MATERIAL: COULOMB
MEDIATED HYBRIDIZATION OF EXCITONS IN
ARTIFICIAL MOLECULES
The supplementary material is organized in the follow-
ing way. In Sec. we present details on the photolumi-
nescence excitation spectroscopy (PLE) measurements.
The additional PLE data presented on QD-molecule 1
over an extended energy range supports the identification
of the d-orbital Coulomb resonance in the main part of
the letter. In Sec. , we briefly describe the model of the
electric field dependent energies based on the quantum
confined Stark effect that we use to fit the measurements
and extract the coupling strengths of the avoided level
crossings. In Sec. , we present the electric field depen-
dent energy level structure of a second QD-molecule (ob-
tained from combined PL, PC and PLE measurements)
and compare it in detail to the energy level structure of
the first molecule presented in the letter. In Sec. , we give
the details of the theoretical model used to calculate the
electronic energy level structure using 8-band k · p theory.
PHOTOLUMINESCENCE EXCITATION
SPECTROSCOPY
In order to map out the energy spectrum of the ex-
cited states of the neutral exciton [0,s0,s]X located in the
upper quantum dot, we performed photoluminescence ex-
citation (PLE) spectroscopy on QD-molecule 1 and QD-
molecule 2. For a fixed electric field, we record the lu-
minescence from the neutral exciton state [0,s0,s]X while
tuning the energy of a continuous wave laser for detun-
ing Elaser > E[0,s0,s]X as schematically illustrated on the
right hand side of Fig. 5. If the laser is tuned into reso-
nance with an energetically excited exciton state Eexcited,
the photo-generated electron-hole pair non-radiatively
relaxes to the energetically lowest exciton state [0,s0,s]X
where it radiatively recombines.
A typical PLE measurement monitoring the lumines-
cence of the [0,s0,s]X transition for a fixed electric field of
F = 18.8 kV/cm while tuning the energy of the excitation
laser from Elaser = 1312.0 meV to Elaser = 1320.0 meV
is presented in Fig. 5. We resolve four resonances high-
lighted by arrows. In the main part of the letter, we iden-
tified them as the excited transitions [0,s0,p1 ]X and [
0,s
0,p2
]X
and the indirect excited transitions [s,00,p1 ]X and [
s,0
0,p2
]X.
Note that the direct excited transitions exhibit stronger
luminescence intensity than the indirect transitions due
to larger oscillator strength of the driven state. In addi-
tion, they directly relax to the lowest energy state with
direct character [0,s0,s]X which is detected in this exper-
iment. In contrast, the indirect transitions [s,00,p1 ]X and
[s,00,p2 ]X primarily relax into the lowest energy states with
indirect character[23].
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FIG. 5. Typical PLE measurement monitoring the lumines-
cence intensity of the [0,s0,s]X state as a function of energy of
the excitation laser for a fixed electric field. The measure-
ment scheme is illustrated on the right hand side where green
arrows indicate single particle relaxation, while blue arrows
indicate optically active recombination.
As discussed in the letter, we mapped out the field de-
pendent energy structure by performing PLE measure-
ments for different electric fields. In Fig. 6 we present
measurements similar to those presented in Figure 2 of
the main text of the letter, however with an extended
energy range. In addition to the direct excited exciton
transitions [0,s0,p1(2) ]X at E ∼ 1313 meV, we observe a sec-
ond set of PLE resonances at E ∼ 1322.5 meV. We iden-
tify these resonances as the excited neutral exciton states
[s,00,d]X with the hole residing in the d-orbitals (indicated
in Fig.6). Similar to the excited states [0,s0,p1(2) ]X we ob-
serve a bonding branch of an avoided level crossing at the
electric field position of the s-s orbital electron tunneling
at F ∼ 21.8 kV/cm [23]. The corresponding electron s-
s orbital electron tunnel couplings of the direct excited
states are illustrated in the insets of Fig. 6.
Notably, if we trace the resulting indirect states [s,00,d]X
from the s-s orbital electron tunneling down to the PC
regime, where they become resonant with the direct neu-
tral exciton [0,s0,s]X at F = 32.0 kV/cm, we observe an
avoided level crossing. In agreement with the theoretical
results discussed in the letter (box 6 in Fig.2 and Fig.4
of the main section), we identify the coupling to be a
Coulomb resonance [s,00,d]X ⇔ [0,s0,s]X involving the d- and
the s-orbital of the hole.
We also note here that the identification of the s-p elec-
tron tunnel coupling [p,00,s ]X ⇔ [0,s0,s]X at F = 28.0 kV/cm
(box 5 in Fig. 2 and Fig. 4 of the main text) between the
s-p and s-d Coulomb resonances is also in full agreement
with the absence of a corresponding direct resonance in
PLE as the electron resides in this case in the p-orbital
of the lower QD [p,00,s ]X and not the upper QD (in con-
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FIG. 6. Combined PLE (black triangles) and PC (greyscale)
spectroscopy measurements of QD-molecule 1. A fit with
a model based on the QCSE effect is presented as a red
dashed line. We resolve two sets of direct excited states [s,00,p]X
and [s,00,d]X with the corresponding resonant electron tunneling
mechanisms illustrated in the insets.
trast to the Coulomb resonances where for both states,
the indirect [s,00,p(d)]X and the direct [
0,s
0,p(d)]X, the same
excited orbital is involved).
MODELING OF THE ELECTRIC FIELD
DEPENDENT ENERGY STRUCTURE BASED
ON THE QUANTUM CONFINED STARK
EFFECT
To describe the electric field dependence of the energy
of the direct and indirect neutral exciton transitions of
the QD-molecule, we use the quantum confined Stark
effect (QCSE) [28]:
EQCSE = E[el,euhl,hu ]X
− pdipoleF − αF 2 (1)
with the intrinsic dipole moment pdipole = e · ddipole
and the polarizability α. The values of pdipole and α can
directly be extracted from a fit of the electric field de-
pendence of the direct and indirect exitonic transitions
in Fig. 7. We determine the size of the dipole ddipole
to be 12.8 nm for the indirect states in agreement with
the center to center distance of the two QDs forming the
molecule and 0.48 nm for the direct transitions, where
electron and hole reside in the same QD. For the polar-
izability we obtain α = 0.7µeVkV−2cm2 for the direct
states, while for the indirect states the quadratic term is
negligible in comparison to the large dipole term. Note
that in good agreement with the data, we use the same
parameters for all direct (indirect) transitions indepen-
dent of the orbitals involved.
Here, E[el,euhl,hu ]X
denotes an offset for the semiconduc-
tor band gap, the binding energy of exciton transition
and the QD-confinement in z-direction as well as the lat-
eral single particle confinement energies of electrons and
holes in x- and y-direction corresponding to the orbitals
involved in the transition [11, 28]. Accordingly we deter-
mine the offset E[el,euhl,hu ]X
individually for each transition.
Since we expect the electric field dependence of the ex-
citon energies to be dominated by the quantum confined
Stark effect EQCSE = EQCSE(F ), we assume the binding
energy and the confinement energies to be independent
of the applied electric field.
The couplings from resonant tunneling Vt and the cou-
plings from Coulomb mediated few-particle interactions
VC between the direct states [
0,s
0,s]X, [
0,s
0,p1
]X and [0,s0,p2 ]X
and the indirect states [s,00,s]X, [
s,0
0,p1
]X and [s,00,p2 ]X are
phenomenologically introduced as off-diagonal matrix el-
ements into the Hamiltonian and fitted to the observed
widths of the avoided level crossings. The final 6 × 6
matrix reads:

E[0,s0,s]X
0 0 Vt(s) VC(p1),PC VC(p2),PC
0 E[0,s0,p1 ]X
0 VC(p1),PLE Vt(p1) 0
0 0 E[0,s0,p2 ]X
VC(p2),PLE 0 Vt(p2)
Vt(s) VC(p1),PLE VC(p2),PLE E[s,00,s]X
0 0
VC(p1),PC Vt(p1) 0 0 E[s,00,p1 ]X
0
VC(p2),PC 0 Vt(p2) 0 0 E[s,00,p2 ]X

By diagonalizing the Hamiltonian matrix we obtain the new Eigen-energies as a function of electric field F . By
9varying the coupling strengths Vt(C), that results in the
avoided level crossing, we can fit the calculated energy
level structure to the data and directly extract the cou-
pling strengths of the avoided level crossings.
COMBINED PL, PC AND PLE
MEASUREMENTS OF QUANTUM DOT
MOLECULE 2
In Fig. 7 we present combined PL, PLE and PC mea-
surements of a second quantum dot molecule labelled
QD-molecule 2 (the combined data for molecule 1 is pre-
sented in the main part of the letter). We map out the
electric field dependence of the neutral exciton state in
the upper quantum dot [0,s0,s]X by combining PL emis-
sion spectra for electric fields from F = 10 kV/cm to
F = 39 kV/cm labelled PL in Fig. 7 and PC absorp-
tion spectra for electric fields from F = 23 kV/cm to
F = 40 kV/cm labelled PC in Fig. 7. The PLE spec-
troscopy data is added as black full triangles together
with a fit based on the QCSE as a red dashed line.
Similar to QD-molecule 1 presented in the main part
of the letter, we observe a prominent avoided level cross-
ing due to electron tunneling from the direct exciton
state [0,s0,s]X to the indirect exciton state [
s,0
0,s]X at F =
23.3 kV/cm in the PL emission spectra in Fig. 7. At
approximately the same electric field of F = 22.4 kV/cm
and F = 22.8 kV/cm, we observe two avoided level cross-
ings at higher energies due to electron tunneling coupling
between the direct excited state [0,s0,p]X and the indirect
excited states [s,00,p]X with a similar coupling strengths.
We directly extract the coupling strength 2Vt of the res-
onant electron tunneling and fit the electric field depen-
dence with a model based on the QCSE (for details see
Section ). In table I, we compare the electric field po-
sitions F of the avoided level crossings as well as the
coupling strengths Vt for QD-molecule 1 and 2.
The similarity to QD-molecule 1 is striking. As can be
seen in Fig. 7, both QD-molecules display avoided level
crossings due to resonant electron tunneling with cou-
pling strengths 2Vt = 3.2 meV and 2Vt = 3.4 meV for
the direct exciton state [0,s0,s]X and its direct excitations
of the heavy hole [0,s0,p1 ]X and [
0,s
0,p2
]X. Similar to QD-
molecule 1, by tracing the indirect excited states [s,00,p]X
to the electric field where they cross the direct state [0,s0,s]X
in the PC absorption spectra in Fig. 7, we observe weak
avoided level crossings highlighted in red with coupling
strength VC due to Coulomb couplings between the di-
rect state [0,s0,s]X and the excited indirect state [
s,0
0,p]X at
F = 27.6 kV/cm and F = 28.3 kV/cm. Vice versa, in
the PLE spectra we observe avoided level crossings also
highlighted in red between the direct excited state [0,s0,p]X
and the indirect state [s,00,s]X at F = 17.2 kV/cm and
F = 16.4 kV/cm.
Comparing the coupling strengths of the Coulomb cou-
plings VC in table I for QD-molecule 1 and 2, we find
that the coupling strengths 2VC of the Coulomb cou-
plings vary significantly between QD-molecule 1 and QD-
molecule 2 in contrast to the resonant tunnel couplings
Vt. The variation verifies a strong dependence on the
individual morphology of each single QD-molecule.
DETAILS OF THE 8 BAND k · p THEORY
SIMULATIONS INCLUDING THE
MICROSCOPIC STRUCTURE OF THE
QD-MOLECULE
The upper limits of the QDs are given by the surfaces
S(x, y, z) = z0 + h exp
[
−
(
(x− x0)2
r2
+
(y − y0)2
r2
)2]
,
where h is height of the dot, r is a parameter which de-
termines lateral size of the dot, x0, y0 is the lateral po-
sition of the dot and z0 is the top of the wetting layer.
We assumed the width of both wetting layers to be as
1.2 nm with a homogenous composition of In0.25Ga0.75As.
The heights of the lower and upper dot are 4.2 nm and
5.4 nm respectively. The lateral size parameters are set
to 19.8 nm and 22 nm.
Furthermore, the InGaAs composition is non-uniform.
We use a trumpet shape composition with
C(x, y, z) = Cb + (Ct − Cb)
× exp
(
−√(x− x0)2 + (y − y0)2 exp (−z/zp)
rp
)
,
where Cb, Ct denote compositions on the bottom and of
the top of the dot respectively, while rp, zp are geometry
parameters [31, 32]. We took Cb = 0.25 and Ct = 0.43
and the geometry parameters to be rp = 3 nm and zp =
1.4 nm. The upper dot is pushed up by 1.8 nm (near the
dot centre) from the bottom of the wetting layer. The
distance between the dots is chosen to be D = 9.6 nm
(counting from the top of the lower wetting layer to the
bottom of the upper one). For the lateral displacement
of the dots in (11¯0) direction, we took x0l = 1.8 nm,
y0l = −1.8 nm and x0u = y0u = 0. To account for the
effect of atomic disorder we introduce some noise in the
composition
C(x, y, z) = C(x, y, z) + (t− 0.5)C(x, y, z),
where t is a random number with a uniform distribution
on the inverval [0,1].
The lattice mismatch between InGaAs and GaAs leads
to a strain field which strongly affects the band struc-
ture. To obtain the strain distribution in the system, we
performed calculations within a continuous elasticity ap-
proach [34]. The relevant strain tensor elements were ob-
tained by minimizing an elastic energy. The piezoelectric
10
Coupling mechanism Coulomb (PLE) Tunneling Coulomb (PC)
QD-molecule 1 2VC(p1) 2VC(p2) 2Vt(s) 2Vt(p1) 2Vt(p2) 2VC(p1) 2VC(p2)
2V (meV) 0.2 0.1 3.3 3.2 3.3 0.6 < 0.1
F (kV/cm) 17.1 16.4 21.8 21.2 21.1 26.0 26.5
QD-molecule 2 2VC(p1) 2VC(p2) 2Vt(s) 2Vt(p1) 2Vt(p2) 2VC(p1) 2VC(p2)
2V (meV) 0.8 0.2 3.4 3.3 3.3 0.1 0.3
F (kV/cm) 17.2 16.9 23.3 22.8 22.4 27.6 28.3
TABLE I. Coupling strength and electric field position of resonant tunneling Vt and Coulomb resonances VC for QD molecule
1 and 2.
15 20 25 30 35 40
1308
1312
1316
1320
1324
1328
2V
t
 Electric Field (kV/cm)
E
n
e
rg
y
 (
m
e
V
)
PC
PL
QD-molecule 2
292827
1311,0
1310,8
1310,6
1310,4
 
E
n
e
rg
y
 [
m
e
V
]
Electric field [kV/cm]
0, 𝑠
0, 𝑠
X 
𝑠, 0
0, 𝑝
X 
𝑠, 0
0, 𝑠
X 
0, 𝑠
0, 𝑝
X 
0, 𝑠
0, 𝑠
X 
FIG. 7. Combined PL emission, PC absorption and PLE (black triangles) spectroscopy as a function of the applied electric
field of QD-molecule 2. We observe avoided level crossings due to resonant electron tunneling Vt in the PL regime (blue arrow)
and few-particle Coulomb interaction VC in the PC regime (highlighted in red boxes and in the inset). Vice versa to the avoided
level crossings in the PC regime, we observe two resonances VC in the PLE between the direct excited states [0,s0,p]X and the
indirect state [s,00,s]X. The red dashed line indicates the calculated electric field dependent behavior of the indirect and direct
transitions.
potential is calculated up to second order in polarization
[35, 36] using the piezoelectric coefficients from Ref. [37].
Single-particle states are found by diagonalizing the
8-band k · p Hamiltonian where we performed Burt-
Foreman operator ordering [41]. The detailed description
of the model and its parametrization (except for coeffi-
cients of piezoelectric field) are presented in Ref. [38].
The calculation of strain and piezoelectric potential were
performed on a uniform grid (200 x 200 x 200) and for
single-particle states we used a reduced computational
box (120 x 120 x 120). In both cases we took the mesh
size of 0.6 nm. We assume the wave function to be zero
at the boundary of the computational domain.
To obtain the exciton states, we include the Coulomb
interaction in the Hamiltonian. The full Hamiltonian
then reads [26]
H =
∑
n
ena
†
nan +
∑
m
hmh
†
mhm
+
∑
nn′mm′
vnmm′n′a
†
nh
†
mhm′an′ ,
where
vnmm′n′ =− e
2
4piε0εr
∫
d3re
∫
d3rhψ
e∗
n (re)ψ
h∗
m (rh)
× 1|re − rh|ψ
h
m′(rh)ψ
e
n′(re).
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Here ψe(h)(re(h)) are eight component spinors repre-
senting electron and hole wave functions respectively.
εr = 12.9 denotes the dielectric constant of GaAs. We
find the exciton states using a configuration interaction
approach where the exciton wave functions are repre-
sented as
Ψexcν (re, rh) =
∑
n,m
cν,n,mψ
e
n(re)ψ
h
m(rh),
where cν,n,m denote the coefficients resulting from the
diagonalization of the Hamiltonian. For numerical effi-
ciency reason, we calculate the relevant integrals in re-
ciprocal space.
